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FOREWORD

Opinions, interpretations, conclusions and recommendations are
those of the author and are not necessarily endorsed by the US
Army.

'QE: Where copyrighted material is quoted, permission has been
obtained to use such material. '

\ﬁFi Where material from documents designated for limited

distribution is quoted, permission has been obtained to use the
material.

Z}ﬁ/ﬂcitations of commercial organizations and trade names in
this report do not constitute an official Department of Army

endorsement or approval of the products or services of these
organizations.

N In conducting research using animals, the investigator(s)
adhered to the "Guide for the Care and Use of Laboratory
Animals," prepared by the Committee on Care and Use of Laboratory
Animals of the Institute of Laboratory Resources, National
Research Council (NIH Publication No. 86-23, Revised 1985).

rJA For the protection of human subjects, the investigator(s)
adhered to policies of applicable Federal Law 45 CFR 46.

In conducting research utilizing recombinant DNA technology,
the investigator(s) adhered to current guidelines promulgated by
the National Institutes of Health.

Y% In the conduct of research utilizing recombinant DNA, the
investigator (s) adhered to the NIH Guidelines for Research
Involving Recombinant DNA Molecules. ‘

Vg In the conduct of research involving hazardous organisms,
the investigator(s) adhered to the CDC-NIH Guide for Biosafety in
Microbiological and Biomedical Laboratories.
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INTRODUCTION

Growth stimulation of cancer normal cells is accompanied by activateion of
cytoplasmic kinase cascades. MAPKs( Mitogen-activated protein Kkinases)
pathway is one of the best characterized signaling cascade which encompasses
Raf-1 kinase, the MAPK activator MEK, and MAPKs. A good body of evidences
supports a linear arrangement of this cascade: Raf-1 phosphorylates and

activates MEK, which in turn phosphorylates and activates MAPK!. The MAP
Kinase cascade seems to be highly conserved through revolution since several

similar signaling cascades have been identified in the yeast systems?‘. On the
basis of sequence homology to yeast kinases Byr2 and STE1ll, Lange-Carter et al.
cloned another mammalian kinase capable to activate MEK in vivo when
overexpressed in COS cells and to phosphorylate and activate MEK in vitro,

hence named MEK Kinase (MEKK)3.The proposed model is: MEK serves as a
convergent point for signals from Raf-1 and MEKK which may transmit signals
from different upstream components. In the kinase cascade from the activation
of raf-1 to the activation of MAP kinase, only the mechanism by which MAP

kinase is activated has been analysed in detail4. Little is known about the
molecular detail of MEK activation other than that it is activated by
phosphorylation, probably on serine residue(s). Moreover, it is interesting and
important to clarify whether MEKK and Raf phosphorylate and activate MEK in
the same or distinct way. '

Protein Serine/Threonine kinase Raf-1 can be activated by a variety of
mitogenic signals, including epidermal growth factor, platelet-derived growth

factor, erythropoeitin, insulin, nerve growth factor and phorbol ester”. The
essential role of Raf-1 in transduction of proliferative signals is demonstrated
by the ability of antisense c-raf-1 RNA or dominant negative Raf-1 mutants to
block the DNA synthesis and cell growth stimulated by serum and phorbol ester

TPAS. Raf-1 has been positioned downstream of Ras in numerous signal
transduction pathways and several lines of evidences have shown that Raf-1

might serve as one of the immediate targets of Ras® 7+ 8 9, 10, 11
the consequences of raf-1 ‘activation, both in vitro and in vivo data
demonstrated Raf-1 activates MEK and MAPK.

Regarding

Compared to Raf-1, there is relatively little information about the function and
regulation of MEKK in vivo. In PC12 cells, it has been shown that the MEK
phosphorylation activity of MEKK is rapidly activated by the treatment of EGF,

NGF and TPAIZ.Even though both overexpressed MEKK and v-Raf can activate
MEK in COS cells and phosphorylate MEK in vitro ,unlike Raf-1, neither full
length nor N-terminal truncated MEKK displays transforming activity in
fibroblasts ( such as NIH3T3 and Rat-1 cells, observation in Dr.Templeton's lab).
In addition, the stable expression of N-terminal deletion mutant of MEKK
(AMEKK) is either deleterious or growth inhibitory to the cells (unpulished
data from Templeton's lab). This raises the question whether Raf-1 and MEKK
regulate precisely the same downstream targets. .

The existence of several functionally distinct kinase cascades in yeast and the
structual conservation of these cascades, together with the fact that mammalian
cells need differential responses to different environmental changes, suggests
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that mammalian cell might employ kinase cascades other than MAP kinase
cascade to response to extracellular alterations. The recently cloned and
characterized Stress activated protein kinase (Sapk)/c-Jun N-terminal kinase

(JNK) defines one of such kinase cascadesl3’ 14. Even though there is
overlapping in the activation of Sapk and Mapk by different stimuli, cellular
stress such as heat shock, translational inhibition, UV irradiation and
inflammatory cytokines such as TNF-a and IL-1 more efficiently activate Sapk

than mitogens which, in contrast, more strongly activate MAPKIS. Both ras-
dependent and ras-independent pathways seem to be involved in the activation

of Sapk14’ 15. However, the mechanism by which Sapk is activated is not clear:
what are the upstream kinases that activate Sapk pathway?

Results:

1. Identification of two serine residues which are
differentially phosphorylated by Raf-1 and MEKK(see
appendex Al6 ).

To identify phosphorylation  sites on MEK-1, we relied on a T7 promoter based

17, 18 that has been very well adapted

mammalian cell overexpression system
and extensively used in our laboratory. The vector pTM1 we used has been
modified to encode one of two different peptide epitopes that are placed in the
amino-terminal of expressed kinases. One epitope tag "EE" (EEEEYMPME) is
derived from middle T antigen of polyomavirus and the other one "HA" epitope
(YPYDVPDYA) from influenza virus.

Expression plasmids:

cDNA of Rat MEK-1 was cloned by reverse transcriptase-polymerase chain
reaction according to published sequence and then subcloned into 5'EE pTMI.
ARaf is a truncated form of human Raf-1(obtained from ATCC), in which the N-
terminal 303 amino acids are deleted. A cDNA of p42 Mapk was obtained from Dr.
Micheal Weber and also cloned into the 5'EEpTM1 or 5HApTMI1. AMEKK, an N-
terminal 367 deletion form of MEKKI1 was cloned by Louis Parrott in our~Lab
using RT-PCR and expressed as a 5'EE or 5'HA tagged protein using pTM1 as a
vector. In addition, "KR" mutants for each of the kinases were generated by
substituting the conserved Lysine residue in the kinase domain with Arginine:
for ARaf, K375R; for AMEKK, K447R; for MEK-1, K97R; and for MAPK , K46R. A PCR
based site-directed mutagenesis method was used to make all these mutants.
Reconstitution of MAPK activation in T7 overexpression
system i

In vaccinia T7 overexpression system, when MAPK was singly expressed, it

appeared as a single band which represents unphosphorylated and
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enzymatically inactive form of MAPK ( as confirm by in vivo phospho labeling
experiment and in vitro kinase assay). Coexpression with MAPK activator MEK-1
did not change this pattern. However, coexpression with either ARaf or AMEKK
resulted in the appearance of a slow migrating band of MAPK which

corresponded to the phosphorylated and kinase active form of MAPK. Inclusion
of MEK-1 in the transfection almost completely converted MAPK into the upper

band . Therefore activation of MAPK can be reconstituted in this system.

In vitro phosphorylation of MEK-1 by ARaf and AMEKK.
In order to identify the phosphorylation site(s) on MEK-1, the first piece of

information needed to know is which type of amino acid is phosphorylated. To
do this, EE tagged MEK-1 KR (as substrate) and ARaf and AMEKK were expressed
in CV1 cells individually and purified by immunoprecipitation followed by
elution with EE peptide. The eluted proteins were then used for in vitro kinase
assays. The phosphoproteins were separated on SDS-PAGE, eléctrotransfered to
Immobilon and visualized by autoradiography. Both purified ARaf and AMEKK
can strongly phosphorylate MEK-1 KR. The phosphoamino acid analysis
indicated that both ARaf and AMEKK phosphorylate MEK-1 only on serine

residues.

Serine 218 is one of the phosphorylation site

If activation of MEK is conserved through its evolution, we speculate that the
significant serine residues should either be identical in other alleles or possibly
altered to threonine residues. Based on this, some of the potential serine
residues were individually mutated to alanines in the background of KR MEK-1
and similar in vitro kinase assay was performed. Of these mutants, S218A
demonstrated significantly reduced phosphorylation level even though-
comparable amount of protein was used , suggesting serine 218 is a possible
phosphorylation site. To confirm this, I took advantage of the fact that MEK-1
was only phosphorylated on serine residue(s) and mutated this codon to a
threonine residue. The level of phosphorylation of this S218T mutant by AMEKK
was equivalent to that of the wild type MEK-1. Significantly, about 80% of the
radiophosphate was contributed by threonine residue with the remainder by

serine residue. Therefore, S218 is one of the phosphorylation sites.
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Identification of another phosphorylation site

One of chymotryptic phosphopeptide obtained from the in vitro labeled S218T
MEK-1 contained both phosphoserine and phosphothreonine( data not shown),
suggesting that at least another phosphoserine was localized in the same peptide
as phosphothreonine 218 did. Serine 218 lies within a domain similar to one in
MAPK phosphorylated on two clustered residues. This led us to speculate that
MEK-1 might be doubly phosphorylated in a similar manner. Each of the two
serines near Serine 218 (serine 212 and serine 222) was mutated to threonine
and only S222T MEK-1 could be phosphorylated on threonine residue by ARaf or
AMEKK, suggesting serine 222 was another phosphorylation site. Finally, the
double mutants S218T/S222T was only phosphorylated on threonine while
S218A/S222A was just barely phosphorylated. Therefore serine 218 and serine
222 are two phosphorylation sites by ARaf and AMEKK.

Raf and MEKK show different site preference for MEK

phosphorylation.

The phosphorylation kinetics analysis of codon 218 and codon 222 using

mutants MEK S218T and MEK S222T as substrates revealed that AMEKK
phosphorylate codon 218 more rapidly than codon 222 irrespective of whether it
was a serine or threonine, contrary to ARaf which phosphorylated these two
codons nearly equally at all time points.

Phosphorylation of these two sites is important for MEK-1

activation in vitro.

In order to activate MEK-1 in vitro, ARaf and AMEKK immunopurified from
transfected CV1 cells were used to phosphorylate wild type MEK-1 or double
alanine-substituted MEK-1 in the presence of 50 uM cold ATP in kinase reaction
buffer for 30 minutes. KR MAPK was then added together with 7-32P—ATP and
the kinase reactions were stopped after another 30 minutes incubation. Both
ARaf and AMEKK were able to activate wild type MEK-1 in vitro, whereas
S218A/S222A mutant was unable to be activated.

Phosphorylation of these two sites is important for MEK-1

activation in vivo.

To test whether phosphorylation of these two serine residues which are
phosphorylated in vitro is important for MEK-1 activation in vivo, the effects of
mutations of either one serine residue to a nonphosphorylatable alanine were
evaluated. Wild type MEK-1, single-sitt MEK mutants or double-site mutant ( all
N-terminal "EE" tagged) were coexpressed with either wild type ARaf or KR ARaf
( not tagged) in CV1 cells. The epitope tagged MEK were immunopurified by Affi-
Gel beads coupled with anti-EE antibody and kinase activities were measured by
using KR MAPK as a substrate. Both single-site mutations partially reduced the
activities of MEK-1 while double-site mutation completely eliminated the kinase
activity of MEK-1.

2. Activation of stress activated kinase pathway by
MEKK (see appendex B1%) -

As an initial step to study the function of MEKK in vivo, we have attempted to
establish cell lines able to stably overexpress AMEKK. AMEKK was cloned into a
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CMV promoter-based vector that has been modified to attach an N-terminal "EE"
epitope tag to the open reading frame of gene of interest. In transient
transfection experiments, the expression of "EE" AMEKK was easily detected by
immunoblot using "EE" antibody. However, I have failed to obtain stable cell
lines that expressed detectable amount of AMEKK from Hela cells, NIH3T3 cells,
Rat-1 cells and CV1 cells. In parallel experiments, we successfully obtained cell
lines that overexpressed MEK.2E (a constitutively active MEK mutant
substituting two glutamic acids for serine residues that are phosphorylated
during activation). Moreover, when AMEKK expression plasmid was
cotransfected with drug resistance plasmid, the number of colonies after drug
selection was much fewer compared with that of the control transfection. All
these suggested that stable overexpression of AMEKK was lethal to or growth
inhibitory on cells tested. To overcome the problem associated with constitutive
overexpression, I turned to an inducible expression system to study the

biological function of MEKK in vivo.

Establishment of NIH3T3 cell lines that inducibly expressed
AMEKK.

The LacSwitch system (Strategen) was chosen to establish the inducible
expression cell lines. The AMEKK including N-terminal "EE" epitope tag was
cloned into the pRSV-IOP3 vector whose expression was detected by
immunoprecipitation followed by anti-EE immunoblot.

NIH3T3 cells were transfected with p3'SS and pEE-AMEKK-IOP3 at a ratio of 3:1
using standard Calcium phosphate method. The cells were let to recover for one
day before splitting into selection medium containing 500 ug/ml G418.
Individual clones were picked and grown up. The inducibility of AMEKK
expression of each G418 resistant clone was tested in the presence or absence of
1 mM IPTG. Of about 30 clones tested, one third of them turned out to be positive
and two of them which displayed the lowest basal level and the highest

inducibility of AMEKK expression were chosen for further studies.

Inducible expression of AMEKK by IPTG.

The expression of AMEKK could be clearly detected after 12 hours of IPTG
induction. Significantly, the effect on Sapk activation was detectable only after
3 hours induction by IPTG(see below). )

Cell growth inhibition associated with AMEKK expression
One apparent consequence of IPTG induction was the cell growth inhibition, a
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common characteristics of all inducible clones, even though to various extent.
Actually, these cells demonstrated slower cell growth than parental NIH3T3 cells
even without IPTG, possible due to leaky expression of AMEKK within these cells.
The mechanism of this observed cell growth inhibition is not clear.

Activation of SAPK but not MAPK by MEKK in vivo.

If MEKK is an activator of MEK as Raf, it is expected that expression of AMEKK
would activate MAPK in these cells. To our surprise, induction of AMEKK
expression in these two clones had no effect on MAPK activation. However, in
these cells the MAPK pathways were still functional because treatment of TPA
strongly activated MAPK. TPA did not activate SAPK in these cells, consistent
with the previous report that in NIH3T3 cells SAPK was not activated by TPA
treatment. Then we tested whether SAPK could be a downstream target of MEKK.
Indeed, induction of IPTG activated SAPK in the inducible cells but not in the
parental cells. The activation of SAPK was evident 3 hours after induction and
reached maximum after 12 hours, while MAPK activities remained essentially
unchanged throughout the 23 hour incubation with inducer. Taken together,
these results suggested that MEKK can function to activate SAPK pathway which
is separated from MAPK pathway.Therefore MEKK appears to have a distinct
role in activating downstream signals from Raf-1. At least in the experimental
system I have used, MEKK differentially activate Sapk pathway but not MAPK
pathway. Furthermore, in collaboration with other laboratories, we have shown
that MEKK can directly phosphorylate and activate the SAPK activator SEK in

vivo and in vitrozo.

Conclusions:

In vitro and in vivo overexpression system, both Raf and MEKK can
phosphorylate and activate MEK by phosphorylating two critical residues S$S218
and S222. Biochemically, however, Raf and MEKK are not identical because Raf
shows no preference to these two sites while MEKK differentially
phosphorylate one of them. In the inducible expression system, the relatively
low level expression of AMEKK specifically activated the SAPK pathway but not
MAPK pathway which was preferentially activated by TPA treatment.
Appreciation of these two distinct signaling pathways will help better
understand the growth regulation of both cancer and normal cells in
response to diverse external signals.
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Identification of 2 Serine Residues of MEK-1 That Are Differentially
Phosphorylated during Activation by raf and MEK Kinase*

Minhong Yan and Dennis J. Templeton

(Received for publication, April 26, 1994)

From the Institute of Pathology, Case Western Reserve University, Cleveland, Ohio 44106

.The signal transduction kinase MEK (mitogen-acti-
vated protein (MAP) or extracellular signal-regulated
(Erk) kinase)-1 is activated via phosphorylation by
MEKK (MEK kinase) and rafkinases. We show here that
these two kinases phosphorylate rat MEK-1 exclusively
on two serine codons, Ser?® and Ser???, Phosphorylation
of MEK-1 on serines 218 and 222 is both necessary and
sufficient for MEK-1 to be activated and able to phos-
phorylate MAP kinase. A mutant form of MEK-1 that
replaces these two codons with alanine cannot be acti-
vated, and one that substitutes glutamic acid residues in
place of these 2 serines is active independent of activa-
tion by phosphorylation. These sites of activation occur
in a region of MEK-1 that is similar to sites of activating
phosphorylation in several other serine/threonine ki-
nases, suggesting that this region may represent a con-
served “activating domain” of many kinases. MEKK and
raf display differences in site preference between these
two codons, with MEKK showing preference for the
amino acid at codon 218 and raf phosphorylating each
residue approximately equally. This site preference
might result in differences in the temporal or subse-
quent substrate patterns of MEK activation that result
from these two activation pathways.

Cell growth signal transduction is frequently accompanied
by phosphorylation and activation of MAP! kinase, as reviewed
recently (1). Two kinases capable of activating MAP kinase
have been cloned, one termed MEK-1 (MAP or Erk kinase;
alternatively MAP kinase kinase-1) (2, 3) and the other MAP
kinase kinase-2 (4). MEK-1 is in turn activated by phospho-
rylation by the v-raf oncoprotein (5). Activation of craf is
stimulated by the ras activation pathway, and recently direct
interaction of c¢-raf with the ras oncoprotein has been demon-
strated (6-9).

A kinase structurally unrelated to raf is similarly able to
phosphorylate and activate MEK-1. This kinase, termed MEK
kinase (or MEKK) because it lies immediately upstream of
MEK, has recently been cloned (10), and several groups have
characterized the enzymatic activity (see Ref. 11 for review).
Although the growth signal that passes through MEKK might
originate separately from the signal that passes through raf, the
net effect, i.e. activation of MAP kinase, seems equivalent (10).

Since MEK-1 lies at the convergence of signaling pathways
that may have distinct origins, the molecular details of MEK
regulation are important. We have investigated the nature of

* The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

! The abbreviations used are: MAP, mitogen-associated protein; MEK,
MAP or extracellular signal-regulated (Erk) kinase; MEKK, MEK ki-
nase; MAPK, MAP kinase; MOPS, 4-morpholinepropanesulfonic acid;
PAGE, polyacrylamide gel electrophoresis.

MEZK-1 activation by raf and MEKK and have developed in vivo
and in vitro systems to model the activation of MEK. Using
these model systems, we have identified the amino acid resi-
dues upon which raf and MEKK phosphorylate MEK-1 and
show here that these sites are necessary for activation of
MEK-1 in vitro and in vivo.

EXPERIMENTAL PROCEDURES

Cell Culture and Gene Expression—Kinases were expressed in CV1
monkey kidney cells (ATCC) maintained in Dulbecco’s modified Eagle’s
medium with 10% calf serum using the plasmid vector pTM1 (12, 13),
which encodes protein products under the control of the bacteriophage
T7 promoter. To express the proteins in eukaryotic cells, the plasmid-
transfected cells were infected with the recombinant vaccinia virus
vector vITF7-8 that encodes the T7 RNA polymerase and then were
transfected with the plasmid vector. Transfection and infection of CV1
cells using this system has been described previously (14).

Plasmid Constructions—Rat MEK-1 (2) and mouse MEKK (10) were
cloned by reverse transeriptase-polymerase chain reaction using prim-
ers designed from the published sequence. The coding regions were
expressed as an epitope-tagged protein, with a synthetic amino-termi-
nal epitope (EEEEYMPME, termed “EE”) derived from middle T anti-
gen of polyomavirus. This antibody, and suggestions for its use, were
from Gernot Walter, University of California, San Diego. In this paper,
we have used exclusively a truncated active fragment of MEKX, repre-
senting a deletion of the amino-terminal 367 amino acids, termed
AMEKK. A truncated active form of c-raf, in which the 303 amino-
terminal amino acids are deleted, was also used in these experiments
(termed Araf) and was also epitope tagged with the EE epitope. AcDNA
encoding murine MAP kinase (p42) was obtained from Michael Weber
(University of Virginia) and was modified by addition of an amino-
terminal EE epitope as for the other kinases. Inactive “KR” mutations
used were, for Araf, K375R; for AMEKK, K447R; for MEK-1, K97R; and
for MAPK, K46R.

Mutagenesis—A variation of the “megaprimer” PCR method of mu-
tagenesis (15) was used. Small restriction fragments containing the
mutagenized region were subcloned into unmutagenized plasmids and
the entire mutagenized region sequenced to assure against unexpected
mutations.

Immunopurification of Kinases—Transfected cells expressing
epitope tagged kinases were lysed in MLB (50 mmM MOPS-Na, pH 7.0,
250 mm NaCl, 5 mm EDTA, 0.1% Nonidet P-40, and 1 mu dithiothreitol,
containing the protease inhibitors aprotinin (2.5 pg/ml), leupeptin (2.5
pg/ml), and phenylmethylsulfonyl fluoride (50 pg/ml) and the phospha-
tase inhibitors NaF (10 mm), sodium pyrophosphate (5 mm), Na,VO, (1
mum), and B-glycerol phosphate (10 mw). After clarification of the cell
extracts, epitope-tagged kinases were precipitated using Affi-Gel 10
beads (Bio-Rad) coupled to purified EE monoclonal antibody (3 mg of
antibody/ml of gel). To purify protein from 107 transfected cells, 20 pl of
this affinity matrix was used. Immune complexes were collected and
washed in MLB by spin filtration using microfiltration columns (“Com-
pact Reaction Columns,” U. S. Biochemical Corp.). Bound proteins were
eluted overnight in 25 pl of elution buffer (50 mm Tris-Cl, pH 7.4, 0.5 mm
dithiothreitol, 10 mm B-glycerophosphate, 1 mm Na,VO,, 20% glycerol),
including 40 pg/ml EE peptide (N-Ac-EEEEYMPME-COOH), and the
filtrate recovered by centrifugation. Typically, the resulting solution
contained 50-200 ng of kinase/pl, and the immunopurified kinase is the
only protein detected using Coomassie gel staining.

In Vitro Phosphorylation—Routinely, 1 ul of the recovered kinase
from the procedure above was used to phospliorylate 4 ul of an identi-
cally purified kinase substrate. The 20-nl reaction mixture contained 10
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Fiz. 1. In vivo modeling of MAPK nnd MER-1 activation. MAPK
was exprassed in CV1 cells tagother with MEK-1 with or without acti-
vared forms of MEKK or raf us indicated. Bach of the kinases were
tagged with an amino-terminal aynthetic epitops (“EEY), and the ex-
presgion of each protein was monitored using anti-EF antibody for
immunoblotiing. MAPK weprossed alone (Jase 1) is minimally phospho-
tylaied, as svidenced by the absence of the alowly migrating phospho-
rylated form. Co-expraasion of MEK with MAPK (lane 2) is insufficient
to increasa MAPK phosphorylation, unless an activating kinaze such ns
rof (lanes § and 4) or MEKK (lanes 5 and 6) is included. In this case,
MEK displays sevara) forms with reduced mobility conalstent with
phosphorylation. MaPK is phosphorylated in rusponse to tha rof or
actvators, ever morce 30 in eopjunction with MEK-1. Addition-
ally, aref shows a slowly migrati hosphorylated band, aspecially

when sxpressed together with (&M 4).

ot ATP, 10 pCi of [»MPATP, in 50 mu Tria-C), pH. 7.4, 0.5 mn dithio-
threitol, 10 mx MgC},. After 30 min at roum temperature, regetion was
stopped by vhe addition of SDS/dithiothreito] sampls buffer and bofling.
Becaune we found that the cpitope-tagped Ars/ Kinase was only froc-
tonally eluted from tha bends using thix proccdure, in aome reactions
(those in Fig. 7) reactions wars performed wsing kinases that remained
attached to the immunc affinlty beads, Kinase reaction conditionn were
otharwixc as shown sbove,

Phosphoamino Actd Anglysis—Phoaphoproteins blotted onto Imma-
bilon were hydrolyzed in 6 4 HCI at 110 °C for 1 h according to Kamps
(16) and analyzed by thin layer cleetrophoreais at pH 8.5

RESULTS

Expresaion of Signal Transduction Kingses~~We nsad the T7-
polymerace gene exprsasion system of Moss (12, 13) to oxpress
MAP kinase (pd2), MEK-1, and truncated Knase-octiva ver-
sions of MEKK and raf, either alone or in combinations within
cells. To monitor exproasion of these protein kinases, and to
afford simple means of micropurification of the wild type or
mutant forms, we modified each of the proteina by the addition
of & 10-amingo acid synthetic epitope to the amino terminus of
each protein. Each of the kinases is thus identifiable by West-
ern blotting againas the synthetic epitope (termed EE) and can
be immunopurifisd under nondenaturing conditlons.

When expressed alone using this system, MAPK is almost
campletely unphosphorylated (as shown in Fig. 1, Jane 1), and
phosphorylation of MAPK i unaffected by so-axpression of
MEX-] (lane 2). This is probably because MEK ityelf ic depend-
onl upon upetream activation. When MAPK is expressed to-
gether with eithar Araf or AMEKK, increased phosphorylation
of MAPK {s sesn, evidenced by u band with reduced eloctro-
phoretic mobility. Inclusion of MEK with thess kinases results
in nearly complere phosphorylation of MAPK (lanes 4 and 6),
apparently due to exprassion of a complete activation pathway.
In these lanes, MEX alzo shows a reduced electrophoretic mi-
gration compared with when it is expreased alone. This change
reflects phoaphorylation of MEK on serine and threonine resi-
dues (17) possibly fram phosphorylation by Araf oxr AMEKK or
by retrograde phosphorylation of MEK by MAPK or other ki.
nages.

In Vitro Phosphorylation of MEK-1 by MEKK and rgf—
Activation of MEK-1 was also modeled in vitro using the active
forms of MERK or rof to phosphorylate MEK-1. b do thig, we
immunopurified epitope-tagged formy of both of these kinases

Substrate: —— MEK-KR——

[ R

MEK-KR=-
AMEKK~

1 2 3
Fo. 2. Phosphborylation of MEK-1 in vitro. AMEKK and Araf
ware mmunopurified a3 dercribed under “Experimentnl Procedures”
ond used to phasphorylats a kinase inactive form of MEK-1, termed
MEK-KR. MEK-KR {s atrongly rboephoxyh:od by both MEKX axd raf,

but is devoid of qutopbosphorylating activity, mince it iy not phorpho-
rylated when Incubated without the other kinases ({ana 3). AMERX is
alao strongly pbosphorylated, and Arcf is alightly phosphorylated,
faintly visible \his experiment, migrating between AMEKK and
MEK

(see “Experimental Procedures”) and similarly purified a ki-
nase mactive mutant of MEK-1 (contsining a lysine to arginine
mutation within the ATP binding domain of the kinase (18)). An
example of this is shown in Fig. 2, in which both AMERK and
Araf are used to phosphorylate MEX-KR protein (lanes ! and
2), whereas the preparation of substrate MEK-KR {s itaelf com-
plotely devold of phosphorylating activity (lane 3). AMEKK ia
alea strongly phosphoryleted, apparently through an autocata-
lytic raaction, whereas Araf is weakly phosphorylated (lane 2,
but mors clearly seen in Fig. 4). In experiments not shown, we
found that MAPK phosphorylated MEK-1 on serine and threo-
nine residues, whereas MEKK and raf phosphorylated exclu-
sively serine residues, Since raf and MEKK sxa able to phos-
phorylate MEK-1 only on serine residuee, and this
phospborylation was sufficient to activate MEK kinase activity
(see Figs. 4 and 5 below), we focused on serine residues as
potentisl sites of activating phosphorylation,

Identifying the Sites of MER-1 Phosphorylgtion by ref and
MEKK--Inspection of the predicted amino acid sequence of the
rat MEK-1 protein reveals 18 serine residues, of which some
are not conserved in MEK alleles or the homologous counter
parts of MEK In other spacies. If activation of MEK-1 is con-
served through its evolution, we predicted that the significant
sering residues should either be {dentical in othor alleles or
possibly oould be altered to threonine residues. Based on these
suppoditions, we initiated a program of directed mutagenesis
targeting several serine codons, preparing these mutants in a
background of the inactivated K86R MEK mutant to eliminate
autophosphorylation by MEK.

Phospharylation of mutant MEK proteins using AMEKK or
Arafkinasges showed that mutant S218A demonstratod reduced
phosphorylation despite equivslent expression levele (not
shown). Howaver, mutation of this residue might have caused
unpredictable changes in protein conformation, resulting in
decressed phosphorylation at a distant site. To confirm phos-
phorylation of serine 218 genetically, we mutated this codon to
a threonine residue. The lovel of phosphorylation of mutant
protein S218T by AMEKK was equivalent to that of the wild
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type protein. However, about 80% of tha radiophosphate in this — OMEKK araf — Kinase
mutant protein was localized to threonine residues with the 1A ~ g g 5
remainder on serine residues, Because & emall amount of phos- § § 3 ﬂ MEK
Phoserine was still detected in mutant S218T, we surmised that ? - 3 § ® g § E E mutant
at least one more site of serine phosphorylation wag present on NN PN om & & substate
MEK

We {dentified the additional Phosphorylation site baged on “MEK
two observations. First, one of two chymetryptic peptides ob- m "
tained during peptide mapping of the in vitro labsled MEK - \am

S$218T mutant contained both phosphoserine and phospho-
threonine (data not shown), This suggested that ths two phos-
phorylation aites wers contained within the same chymotryptic
peptide. Sccond, the Ser?!® regidue Bies within a dompin similar
o ane in MAP idnnse phosphorylated on two clustered residues
(see Fig. 5). This lead us to spaculate that MEK might be
doubly phoepborylated in a similar cluster, We subsequently
mutated each of the two serine residues near Ser®™ creating
threonine codons, and found that only one of these mutant
proteins (S232T) was phosphorylated on threomine. A double
mutant in which both serine codons at 218 and 222 are altered
to thraocaing contained no phosphosarine when phosphorylated
by MEKK or raf. These experiments are shown in Fig. 3.

Thess data show that activated raf and MEKK phospho-
rylate the same 2 residues on MEK-1. MEKXK shows apparent
preference for the Ser™” recidua in vitro, whereas raf phospho-
rylates each gite roughly equivalently, based on the Jevels of
phospharvlation of the individual threonine mutants. This ob.
servation is examined more closaly below {n Fig. 7. Additon.
ally, the data in Fig. 8 show that no sites other than the serines
at 218 and 222 are phospharylated, since the 218T/222T my-
tant displaya no pPhosphosenine, and the wild type protein dig-
Plays no phosphorylation on threonine or tyrosine.

Do the Identified Sites Confer "Activatability” to MEK.1 in
Vivo?—If Ser™® and Ser™ gre required to activate MEK-1, an
lmportant predicton to test is that mutation of these sites
would aliminate the ability of MEK to be activated by raf or
MEKX in vivo. To test this prediction, we expressed opitopa
tagged MEK-1 protains (wild type or alanine subsdrutions at
thae 218 and 232 sites, all EE-tagged) with or without active
8~af proteins (without the EE wpitope tag in this experiment).
We then specifically immunopurified the epitope~tagged MEK
proteins and assayed them for MAP kinase phoaphorylation
activity in vitro. As shown in Fig. 4, both of the single-site
mutant proteins are still partly activated. Only the double al-
anine mutant demonatrated no activity sither in the presence
or absence of raf. Thus, both Ser’ and Sep™ contribute to the
activatadbility of MEK by rof. The wild type MEK-1 protein was
activated by co-expreasion with araf, but clearly displays some
baaul activity even in the absenca of co-transfected active raf.
Since the plasmid-encoded proteins are expressed in the full
context of normal cellular proteins, this low level of MEK acti-
vation almost certainly results from activation by uncharaeters
ized collular Jdnase(s), probably including but not exclusivaly
the endogenous raf and MEKK kinases.

Do the Sites Confer Activatability in Vitro?—Since the seti-
vation of MEK-1 by raf in Fig. 4 occurred in intact cells, it re-
mained possible that activation of MEK was not a rosult of raf,
butrather by an intermediate raf-activated kinase. To model the
activation of MEK in vitro, we purified raf and MEKK and used
these kinases to phosphorylate MEX or the alanine-substituted
mutant, in the presence of unlabelod ATP. Phogphorylated MEK
protein was then incubeted with an ingective mutant (K46R) of
MAPK to quantify MEX activity. As shown Mg 5, both rafand
MEKX are able to activate wild type MEK-1 in vitro, whereas
the mutant substituting alanine residues at codons 218 and 232
is unable to be activated. Thua, these codona are requirad for
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Fic. 3, Identification of sites phoephorylated on MEK-1 by rof
and MEHK. Two MEK phosphorylation sites were identifisd as de-
seribed in the text, and mutatiana of each site were made in which these
nitan were both altared to alanine residues or wers changed singly or
together 1o threonine residues. Each MEK protein also contnined the
inactivating KS7R mutation to prevent auto hosphorylation. 4, phos-
pharylation of MEX mutants by ref or ME Immunopurifed MEK-1
or Thutant proteins were incubated in zitro with inmunapurified
AMEKK (laney 1-8) or with Arof (lanas 6-10) togathar with ¥P.lgbeled
ATP. The reaction producia were zeparatad by SDS-PAGE followed by
tranafer to Immobilon membrapes for autoradiography. All mutant
MEK proteins werce phosphorylated to approxmatsly the same lave],
with the axception of the S2184/SP22A double mutant, which was not
phoapharylated by eithor activating kinase. AMEKK wes strongly nu-
tophasphorvlated in this react{on, and Arc/ way weekly autophospho-
rylated. B, phosphowmine ncid analvais of in vliro phosphaorviated
MEK-1 mutants. Bands of radiclabaled MEX from the experiment
shown in A (lanes 1, 3-6, and 3-10) rgre oxcized from the Immobilon
membrane and subjected to acld hydrolvsis (see “Experimental! Procs-
dures”). Rosultant hydrolyantes ware soparated by one-dimensional
thin layer electrophoresis ut pH 3.5, The position of unlabeled phos-
pbosmino acid warkers is indicated by the dotted cireles, as ia that of
free phosphate and the partally bydrolysed peptides. Both AMEKK
and Araf are able 1o phouphorylate murant threonine residues locatad
ar the position of the naturally oaphorylated nerines. No scrine phos-
pherylation is scon in the 2161/292T Tutant, demomxtrating that no
other residuen of MEK are phosphorylated by these kinages in vitro,
Relative levek of phogphoserine and phorphothreoning quantified from
thi experimant are ahown benaeath such lanc.

direct activation by either raf or MEXK

Mutation of the Activation Sites to Glutamic Acld Results in
Constitutive Activation—Sines phosphorylation of MEEK-1 at
codons 218 and 222 {ntroduces negative charges into this por-
tion of the protein and resulta in kingse activation, we conjec-
tured that substitution of negatively charged amino acids at
these two positions might similarly activate a mutant MEK.1
protein. Such a constitutivaly active allele would be prodicted
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Fic. 4. Ser®® and Ser? are required
for activation of MEK in vive. EE
epitope-tagged MEK-WT, or alanine sub- 5 4
stitution mutants as indicated, were co-
_ expressed with Araf or the inactive mu-
tant Araf-K375R (that both lacked the EE
epitope) to assess activation of MEK by
Araf. EE-tagged MEK protein was specifi-
cally immunoprecipitated using anti-EE
Affi-Gel beads and assayed for kinase ac-
tivity by incubation with inactive epitope-
tagged MAPK-KR substrate. Phosphoryl-
ated proteins were separated by SDS-
PAGE and blotting onto Immobilon.
Incorporation of radiophosphate into
MAPK was quantified using an AMBIS
B-imager and is shown in the top panel.
The autoradiogram of this gel is shown in
the middle panel. After quantification,
the filter was probed using anti-EE mAb
to verify equal recovery of kinases and
substrate, shown in the bottom panel.
Wild type MEK was active when ex-
pressed in the presence of raf, but not in
the presence of the inactive mutant raf.
Mutation of both sites to alanine codons
completely prevented both basal MEK ac-
tivity and raf activation. Mutation of in-
dividual serine codons to alanine resulted
in partial activation. Autophosphoryla-
tion of MEK parallels phosphorylation of
the MAPK substrate.

E-Y
s

MAPK phosphorylation
(fold stimulation)
N w

-k
i

Kinase
Assay

raf activation: -

Western
Blot

45}
40
35- M Buffer
30- Bl AMEKK

Phosphorylation of MAPK-KR
cPMx 103

MEK-WT

Fic. 5. Ser®® and Ser?? are required for activation of MEK in
vitro by MEKK or raf. Inmunopurified MEK-WT or MEK S218A/
§222A mutant was activated in vitro with purified AMEKK, Araf, as
described under “Experimental Procedures” using MAPK-KR as sub-
strate. After SDS-PAGE and autoradiography, labeled MAPK was ex-
cised from the gel and quantified by Cérenkov counting. MEK-WT, but
not the S218A/S222A, mutant was efficiently activated by AMEKK and
Araf.

to be active independent of activation by phosphorylation by
upstream kinases. To test this hypothesis, we constructed a
mutant allele of MEK that contains the two mutations S218E
and S222E, termed MEK-2E. Immunopurified MEK-2E was
found to be catalytically active (see Fig. 6) but a more impor-
tant question was whether the activity of the MEK-2E protein
requires activation by upstream kinases.

In the experiment shown in Fig. 6, we expressed MEK-WT or
MEK-2E together in cells with either Araf or the kinase-inac-
tive Araf-KR mutant (neither raf allele was epitope tagged in

+Araf-KR

B Araf-WT

Kinase: None ~MEK-WT- —MEK-2E~
raf activator: + - + -
Substrate: ———— MA.PK,'KR,—.,—“_—[

MEK- -

MAPK-> :
PPMAPK ~ ~ LR T
1 2 3 4 5

Fic. 6. MEK-2E allele is constitutively active. EE epitope-tagged
MEK-WT or MEK-2E proteins were expressed together in cells with
untagged Araf or the kinase-inactive Araf-KR mutant (designated + or
- raf activator). Activity of the immunopurified MEK was detected
using inactive MAPK-KR as substrate, detecting phosphorylation of
MAPK by upward mobility shift on SDS-PAGE. MAPK is mostly un-
phosphorylated when incubated without MEK protein (lane 1). Incuba-
tion of the MAPK-KR substrate with Araf-activated MEK-1 results in
nearly complete conversion of MAPK to the phosphorylated form (lane
2), but little conversion if MEK-1 is co-expressed with the inactive raf
allele (lane 3). The MEK-2E mutant protein is also able to effect com-
plete conversion of the MAPK-KR substrate to the phosphorylated form,
either when expressed with (lane 4) or without (lane 5) active raf
kinase. Thus MEK-2E activity is independent of upstream activation.

this experiment). We then measured the ability of the immu-
nopurified MEK to phosphorylate inactive MAPK-KR, detect-
ing phosphorylation of MAPK by upward mobility shift on SDS-
PAGE. Approximately 90% of immunopurified MAPK substrate
is unphosphorylated (lane 1) when incubated without MEK
protein. Incubation of the MAPK-KR substrate with Araf-acti-
vated MEK-1 results in nearly complete conversion of MAPK to
the phosphorylated form (lane 2), but little conversion of
MAPK is seen if MEK-1 is co-expressed with the inactive raf
allele, demonstrating that activity of wild type MEK-1 protein
is dependent upon activation by the co-expressed raf kinase.
The MEK-2E mutant protein is also able to effect complete
conversion of the MAPK-KR substrate to the phosphorylated
form, but in contrast to the wild type MEK protein, MEK-2E is
active when expressed either with or without active raf kinase
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Fic. 7. Time course of MEKK and raf phosphorylation of each activating residue. To measure phosphorylation of MEK on codons 218
and 222, MEK S$218T or S222T mutants were constructed, together with the inactivating K97R mutation of MEK-1. Each mutant MEK-1 protein
was expressed separately and then immunopurified and reacted together with AMEKXK or Araf kinases. Parallel reactions were stopped after
increasing time with SDS sample buffer and analyzed by SDS-PAGE. Radiolabeled MEK protein was subjected to phosphoamino acid analysis, and
the amount of radiolabel associated with phosphoserine or phosphothreonine was quantified using an AMBIS B-detector. Four experiments are
shown using either MEK S218T substrate (4 and B) or MEK S222T (C and D) reacted with either AMEKK (A and C) or Araf (B and D) for the
time shown. The amount of radiophosphoamino acid detected arising from each codon (either phosphoserine or phosphothreonine) is plotted
separately. MEKK phosphorylates the residue at codon 218 more rapidly than the residue at codon 222 regardless of the hydroxy amino acid at
that codon position. In contrast, Araf kinase phosphorylates both codons approximately equally at all time points.

(lane 5). Thus MEK-2E activity is independent of upstream
activation.

MEKK and raf Have Distinct Specificity for Site Phospho-
rylation—The experiment shown in Fig. 3 suggests that phos-
phorylation of MEK-1 by raf results in approximately equal
phosphorylation on serines at codons 218 and 222, whereas
MEKK phosphorylates codon 218 preferentially. However, this
distinction could reflect differences in the completion of the
phosphorylation reaction rather than differences in the actual
site preferences. Therefore we sought means of observing the
kinetics of phosphorylation of each codon separately.

We first considered using synthetic peptide substrates to
measure the site specificity of MEKK or raf. However, versions
of MEK-1 containing large (50-100 codons) deletions distant to
the activating sites have been completely unphosphorylated by
MEKK or raf? We interpret this to mean that an intact MEK
protein is required for recognition of MEK-1 as a substrate by
these kinases. It thus seems unlikely that peptide substrates
could give meaningful results.

To measure phosphorylation of MEK on each of the two
codons, we instead utilized MEK S218T and S222T mutations,
together with the inactivating KR mutation. The reciprocal
threonine mutations are important for measuring potential dif-
ferences in codon specificity versus preference for serine over
threonine residues. MEK S218T or S222T mutants were ex-
pressed separately and then immunopurified and reacted to-
gether with AMEKXK or Araf kinases for increasing time peri-
ods. Radiolabeled MEK protein was subjected to phosphoamino
acid analysis, and the amount of radiolabel associated with
phosphoserine or phosphothreonine was quantified using an
AMBIS p-detector.

Fig. 7 shows the analysis of the four experiments using the

2 M. Yan, unpublished observations.

two substrates and the two kinases. MEKK was found to phos-
phorylate the residue at codon 218 more rapidly than the resi-
due at codon 222 in reactions with both mutant MEK proteins
(A and C). At later time points, phosphorylation on codon 218
plateaus and phosphorylation at codon 222 increases slightly.
In contrast, Araf kinase (B and D) phosphorylated both codons
approximately equally at all time points. When codon 222 was
substitute with threonine, slightly less radioactive phospho-
threonine was detected with either kinase. This may reflect
that threonine is a slightly less preferred residue for both ki-
nases. It is clear, however, that phosphorylation of MEK by
MEKK and raf is biochemically distinguishable, although we
have not detected biological consequences of this differentially
phosphorylated MEK proteins.

DISCUSSION

Identification of the sites of activation of MEK-1 clarifies the
role of MEKK and raf in transduction of cellular growth sig-
nals. The two sites of activating phosphorylation lie within a
domain of MEK-1 between kinase domains VII and VIII (18).
This activation domain of MEK-1 is conserved between MEK
variants and species homologs. Fig. 84 shows the alignment of
the comparable region of many MEK homologs across diverse
species. In all cases, the 2 serines identified as MEK-1 activa-
tion sites are preserved, although in yeast and Xenopus the
second serine is changed to a threonine residue.

Fig. 8B depicts the analogous regions of several serine-threo-
nine protein kinases for which the sites of activating phospho-
rylation are known. In all examples found, activating phospho-
rylation also occurs between conserved kinase domains VII and
VIL. For the analogous activating region of MAPK, this region
lies in a solvent-exposed portion of the protein, which has been
termed the “activating lip” (34) and which may partially ob-
struct a substrate binding pocket. Spacial conservation of the
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A s218  S222
MEK1 LrIpEiMANEFVGTRSYM[SPERTL
MEK2 LIDSMAN|SFVGTRSYM|SPERTI
Dsorl LIDEWIMANGSFVGTRSYMSPERL
XMAPRK L IDBSIMANSFVGTRSYM[SPERL
XMER2 LVDEIAKTROAGCRP YMAPE|RI
XMEK3 LVDEVARTIMDAGCRKP YMAPERT
BYR1 LYVNEVAQIIFVGEGTSTYM|SPERTI
WIs1 LVABIISKIINIGCQSYMAPERTI
PBS2 LVABILARICNIGCQSYMAPERI
STE7 LINBIIADTFVGTSTYMSPERT
MRK1 AVNEILATIIFTGTSFYMAPERTI
MRK2 AVNBILAMIIFTGTSFYMAPERTI

-«— VII VIII —»

B
MAPR p42 DHTGFLEEEVATRWYRMAPEIIM
Prc-aLPHA MDG VEEREFCGTPDYIRPE|TT
HUMANCDC2I PIRVYRHEEVVTLWYR[SPEVEL
C-RAF SGEQQOVEQPTGSVLWMAPEVT
HUMANPKA RVEKGRTWELCGTPEYL[APE[TII
ISPR-1 Gnnmgpcrganrvapz

--— VII vIII —>

Fic. 8. Comparison of the activation domain in homologs of
MEK-1 and in other serine/threonine kinases. A, amino acid se-
quences of MEK-1 and homologous proteins are compared in the region
of the activating phosphorylation sites of MEK-1. Shaded boxes indicate
serine or threonine residues conserved at the sites of MEK activation.
Amino acid sequences of rat MEK-2 (MAP kinase kinase-2) (4) Dro-
sophila Dsor-1 (19), Xenopus MAPKK (20), Xenopus MEK-2 and MEK-3
(21), Schizosaccharomyces byr-1 (22) and wis-1 (23), Saccharomyces
PBS-2 (24), STE7 (25), and MKK1 and MKK2 (26) were from published
sources. B, regions of several serine/threonine protein kinases between
conserved domains VII and VIII are compared in which the kinases are
known to be stimulated by phosphorylation in this region. Shaded boxes
show sites of phosphorylation. Published sources identifying activating
sites were used for MAPK (27), PKC-« (28), cde2 (29, 30), e-raf (31), PKA
(32), and ISPK-1 (33).

sites of activating phosphorylation suggests that this mode of
regulation of kinase activity is strongly conserved, especially
among kinases within signal transduction cascades. Activation
sites in other kinases might thus be inferred by homology to
this region.

The constitutive activity of our MEK-2E allele strongly sup-
ports the identification of codons 218 and 222 as sites of acti-
vating phosphorylation on MEK. Furthermore, this allele could
prove to be a valuable reagent for analysis of signal transduc-
tion events, since it almost certainly contributes a continuous
MEK-1 signal to the cell. We have recently constructed cell
lines that express the MEK-2E allele in a regulated fashion and
are beginning to measure the effects of this allele on growth
signaling in cells. It should be noted that our strategy of sub-
stituting acidic residues in place of activating phosphorylation
sites is not always successful. As a pertinent example, we have
detected no activity in alleles of MAPK (obtained from Michael
Weber) containing substitutions of glutamic acid for either the
phosphorylated threonine, or tyrosine residues, or both.

Although MEK-1 is clearly activated by raf and MEKK| it is
also capable of phosphorylating itself, as documented by sev-
eral groups (20, 35). Using our S218T and $222T mutants we
have confirmed that MEK-1 autophosphorylates both codons
218 and 222 and also phosphorylates uncharacterized threo-
nine and tyrosine residues.

Our studies have shown clearly that phosphorylation of
MEK-1 by MEKK and raf are not identical, with MEKK
strongly preferring codon Ser?® as a site of phosphorylation.
However, we do not know if this difference is reflected in bio-
logical differences in the signaling process effected by these two
kinases. Using phosphorylation and activation of MAPK as a
measure of MEK-1 function, both MEKK and raf seem equally
able to activate MEK-1. The differences we observe in site
preference might, however, reflect biological differences in sig-

MEK-1 Activation by raf and MEKK

naling in several ways. For example, the two distinctly phos-
phorylated forms of MEK could recognize different substrates
other than MAPK. Under this scenario doubly phosphorylated
MEK (activated by raf) could phosphorylate an unknown sub-
strate critical for cell transformation that is not recognized by
MEKK activated MEK-1. Alternatively, one of the differently
phosphorylated MEK-1 forms could remain activated longer
within the cell. Since phosphatase(s) that inactivate MEK-1
have not been characterized, it is possible that a separate phos-
phatase is responsible for dephosphorylating each residues. If
this were true, termination of the two activating events might
be separately regulated. Since our data indicate that singly
phosphorylated MEK-1 remains partially activated (see Fig. 4),
a phosphatase specific for codon 218 could specifically negate
signals arising from MEKK activation while leaving the signal
arising from raf partially intact.

Irrespective of mechanism, the differences between MEK-1
signal transduction effected by MEKK or raf is significant for
one overriding reason: raf has clearly been identified as a com-
ponent of an oncogenic kinase cascade, whereas MEKK has not.
Alternative phosphorylation of MEK-1 protein, resulting in
similar yet distinct activation of MEK-1, could be a means by
which oncogenic versus non-oncogenic growth signals are
propagated.

Since this work was completed, a report identifying MEK
codons 218 and 222 as substrates for raf has been published
(36).
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A KINASE distinct from the MEK activator Raf'~, termed MEK
kinase-1 (MEKK), was originally identified by virtue of its homo-
logy to kinases involved in yeast mating signal cascades®. Like
Raf, MEKK is capable of activating MEK in vitro*®. High-level
expression of MEKK in COS-7 cells* or using vaccinia virus
vectors® also activates MEK and MAPK, indicating that MEKK
and Raf provide alternative means of activating the MAPK signal-
ling pathway. We have derived NIH3T3 cell sublines that can be
induced to express active MEKK. Here we show that induction of
MEKK does not result in the activation of MAPK, but instead
stimulates the stress-activated protein kinases (SAPKs)*® which
are identical to a Jun amino-terminal kinase™'®. We find that
MEKK regulates a new signalling cascade by phosphorylating an

il To whom correspondence should be addressed.
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SAPK activator, SEK1 which in turn phosphorylates and activates
SAPK.

Stably transfected NIH3T3 subclones express MEKK in
response to isopropyl-g-p-thiogalactosidase (IPTG) (Fig. 14)
but MAPK activity remains unchanged (Fig. 15). In contrast,
SAPK activity is increased six- to eightfold in MEKK-inducible
cell lines but not in the parent NIH3T3 cells. These MEKK-
expressing cells are able to activate MAPK in response to some
mitogenic signals, because treatment with phorbol ester increases
MAPK activity in each of these clones (as well as'in NIH3T3
cells), whereas SAPK activity is unaffected (Fig. 1¢). Increased
SAPK activity is evident by 3 hours and maximal after 12 hours
of induction; MAPK activity is unchanged throughout the 23-
hour incubation with inducer (Fig. 1d). Together these results
iidicate that, in contrast to the presumed role of MEKK in
activating MEK and MAPK, MEKK acts instead to activate
SAPKs. Expression of truncated AMEKK in these clones
resulted in six- to eightfold inhibition of growth rate compared
with parental NIH3T3 cells.

We modelled activation of SAPK -by MEKK using cloned
genes and purified proteins expressed using vaccinia virus
vectors'"'2. MEKK induced electrophoretic retardation of
SAPK, which was suggestive of quantitative phosphorylation
(Fig. 24), and also increased the amount of phosphotyrosine in
SAPK and activated its Jun N-terminal kinase activity. Thus, in
this overexpression model as well as in the inducible cell line,
MEKK expression results in activation of the SAPK pathway.

We considered the possibility that activation of SAPK occur-
red as a consequence of activation of the MEK and MAPK
cascade. To stimulate MAPK independently of MEKK, we used
activated Raf and a constitutively active allele of MEK1 termed
MEK 2E (ref. 5). Both Raf and MEK 2E were able to induce
phosphorylation of coexpressed MAPK (Fig. 2b). Neither of
these MAPK activators induced phosphorylation of SAPK, indi-
cating that the SAPK activation pathway is effectively insulated
from the MAPK pathway.

MEKK was unable to phosphorylate-SAPK in vitro (below).
We therefore tested whether MEKK activated the newly identi-
fied SAPK activator, SEK1 (ref. 13), whose sequence is similar
to MEK 1. Immunopurified MEKK (but not the inactive mutant
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-MBP
(MAPK
activity)

Id
FIG. 1 a, MEKK expression in NIH3T3 cells. Epitope-tagged truncated
MEKK (AMEKK) was detected in MEKK clone 1 cells (lanes 1 and 2)
or in MEKK clone 2 cells (lanes 5-8) but not in a control clone (lanes
3 and 4) treated with IPTG for 24 h (lanes 2 and 4) or at the indicated
times (lanes 6-8). b, MAPK and SAPK activity in MEKK-inducible cell
lines. Numbers below labelled bands indicate c.p.m. of radioactivity in
substrates. SAPK activity, but not MAPK activity, was increased in
response to MEKK expression. ¢, Functional MAPK signalling in NIH3T3
cells and MEKK-expressing subclones after stimulation (+) with
250 ng mi™* TPA. d, Time course of induction of SAPK activity in MEKK
373 clone 2 cells after IPTG treatment. MAPK activity throughout this
period remained unchanged, whereas SAPK activity was increased even
at the 3-h time point, when MEKK expression could not yet be detected.

MEKK(K —R) rapidly phosphorylated a glutathione-S-trans-
ferase(GST)-SEK fusion protein on serine and threonine resi-
dues (Fig. 3a) but failed to phosphorylate a SEK mutant in
which the two residues equivalent to the sites of activation in
MEK were mutated. Phosphorylation of GST-SEK activated
the SAPK activity of GST-SEK. Thus, SEK is a substrate of
MEKK and phosphorylation by MEKK is sufficient to activate
SEK. MEKK expression also activates SEK in vivo (Fig. 3b).
Activation of SAPK by MEKK requires functional SEK because
coexpression of a dominant inhibitory allele of SEK blocks activ-
ation of SAPK by MEKK (Fig. 3¢).

FIG. 2 Activation of SEK-SAPK pathway by coexpression of AMEKK
using vaccinia virus vectors. a, Epitope-tagged SAPK was expressed
with either the untagged inactive K — R mutant of AMEKK (lane 1) or
wild-type AMEKK (lane 2). Coexpression of active MEKK resulted in
mohility shift of SAPK detected by anti-epitope immunoblotting (bottom
panel) and also increased tyrosine phosphorylation of SAPK detected
in anti-epitope immunoprecipitates (middle panel). SAPK activity was
also strongly elevated, reflected by phosphorylation of GST-Jun(5-89)
using anti-epitope immunoprecipitates (top panel). b, epitope-tagged
MAPK (lanes 1-4) or SAPK (lanes 5-8) was expressed with epitope-
tagged forms of truncated active Raf (lanes 1, 5), constitutively active
MEK 2E (lanes 2, 6), AMEKK(K — R) mutant (lanes 3, 7) or AMEKK wild
type (lanes 4, 8), and detected in whole cell lysates using anti-epitope
western blot. Activation of both MAPK and SAPK is identifiable by the
appearance of bands with delayed mobility, indicated by stars. pp prefix,
phosphorylated protein forms. Raf and active MEK 2E are able to activ-
ate MAPK, but not SAPK, thus the SAPK pathway is insulated from the
MAPK pathway. MEKK is able to activate MAPK in this overexpression
system, though it is not when expressed at lower levels (Fig. 1). Of the
kinases tested, only MEKK is able to activate SAPK.

METHODS. The N-terminal EE-epitope-tagged p54SAPKal, and un-
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c MEKK 3T3 MEKK 373 MEKK 3T3 MEKK 3T3
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activity)

d SAPK activity
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MAPK activity

23

GST-Jun

MEKK expression in cells used here is shown in a, lanes 5-8.
METHODS. The EE epitope-tagged® C-terminal 320 amino acids of
MEKK1 (AMEKK) was expressed in NIH3T3 cells using the lacSwitch
promoter (Stratagene). AMEKK was induced in cell clones with 1 mM
IPTG and detected by immunoprecipitation and immunoblotting using
the anti-EE monoclonal antibody (mAb). MAPK and SAPK activity was
determined using polyclonal antibodies recognizing a C-terminal pep-
tide of pA2MAPK or a p54SAPK—GST fusion protein. Immune complexes
containing protein from 10° cells were reacted with 0.5 pg GST-Jun
(amino acids 5-89; ref. 8) for SAPK, or MBP (Sigma) for MAPK in 20-
ul reactions (50 mM Tris-Cl, pH 7.4, 10 mM MgCl,, 1 mM DTT, 15 pM
ATP, 5 uCi [**P-yJATP), for 30 min at room temperature. Radioactivity
was quantified using an AMBIS fS-detector.

Coexpression of full-length MEKK protein is able to effect
phosphorylation of SEK and activation of SAPK (Fig. 4a), simi-
lar to the activation induced by truncated MEKK. The high
activity of full-length MEKK protéin during overexpression sug-
gests that a .cellular activity might regulate natural MEKK
expressed at lower levels. This result is in contrast to Raf, which
displays low levels of kinase activity unless truncated'.

Our results demonstrate complete reconstitution of a kinase
cascade, beginning with MEKK, that phosphorylates and activ-
ates SEK, which subsequently phosphorylates and activates
SAPK. Each component of this cascade is functionally parallel

& &
<8
& b
&
N
MAPK . SAPK .
-4
. E§ g &
VR w 0
o X %X ~ X X
- X 5 ¥ . x ¥ ¥
. Jun kinase e 8§ £ ¥ & Y = =
i activity + o+ ¥ T 4 PR
Anti-P-Tyr MEK
Immunoblot PPMAPK—
MAPK

Rat

Anti-epitope
immunoblot

1 2

tagged. AMEKK were expressed using the vaccinia virus expression sys-
tem and the plasmid pTM1 (ref. 12). Phosphotyrosine was detected
using mAb 4G10 (UBI) to probe anti-EE immunoprecipitates. Jun kinase
was assayed as for Fig. 1. Kinase expression and blotting has been
described”.

799




LETTERS TO NATURE

FIG. 3 a, MEKK phosphorylates and activates of SEK in vitro. a b c
Immunopurified AMEKK phosphorylated wild-type GST-SEK (lane x

3) on serine and threonine (see phosphoaminoacid analysis, SEK phospronfain ek [rachaton. g E

inset), but not mutant GST-SEK protein lacking the two phos- 3 ggss"g:ﬂ Tanslected S 4 20
phorylation sites (lane 4). GST-SEK1 phosphorylated by MEKK sapkoh (T v ] DNAs: § §

in vitro acquired SAPK kinase activity, as shown after secondary
reaction with inactive (K>A) mutant thrombin-cleaved GST-
SAPK with radioactive ATP (lane 6). Mutant GST-SEK protein
lacking phosphorylation sites (lane 8) or reactions without either
MEKK or SEK did not allow phosphorylation of SAPK. b, MEKK
activates SEK1 in vivo. Epitope-tagged SEK expressed in CV1i
celis using a CMV expression vector (lane 1) became activated
by coexpression of AMEKK lacking the epitope tag (lane 2). Anti-
epitope immunocomplexes were assayed for SEK activity using
GST-SAPK as substrate (see Fig. 1 legend). ¢, SAPK activation
by MEKK requires SEK1. Epitope-tagged SAPK expressed using
SV40-based vectors was activated by coexpression with AMEKK. 12 3 4
This activation was reversed by triple coexpression of a dominant

inhibitory mutant of SEK1 containing (S220A, T224L; SEK AL).

METHODS. Epitope-tagged AMEKK was expressed, immunopurified and eluted
using excess EE peptide®. Bacterial SEK-GST fusion protein was purified and
reacted in situ on glutathione—agarose beads. Activated MEKK was separated
from GST-SEK by washing the glutathione beads, and subsequently incubated
with SAPK substrate (cleaved from GST by thrombin, and containing an inactivat-
ing K55A mutation) in kinase reactions containing {32PJATP (20 mM ATP total

to a component of the MAPK activation pathway: SAPK is
analogous to MAPK, SEK analogous to MEK, and MEKK
analogous to Raf (Fig. 4b). Other evidence sug§ests that SAPK
signalling in response to ultraviolet irradiation'®'® and tumour-
necrosis factor-a'® lies downstream of Ras. Additionally, domi-
nant inhibitory Ras reduces the activity of MEKK'” and the
MEKK homologue Byr2 associates with Rasl in yeast'®. Thus,
in parallel to Raf-MEK-MAPK, the MEKK—SEK—SAPK
pathway most probably lies downstream of Ras. Cofactors for
Ras must exist that contribute specifically to either the mitogenic
or stress-response pathways.

o

211

x MEKK
o (full

E length)
€

o

anti-EE blot

Mit i Stre:
differentation (gth Inhlbltlon)

SAPK

FIG. 4 a, Activation of SEK and SAPK in vivo by full-length MEKK. Using the
vaccinia virus expression system in CV1 cells, SEK1 or SAPK were separately
expressed alone (lane 1) or with vectors encoding full-length wild-type MEKK1
(lane 2) or a kinase-inactive (K447R) mutant aliele of MEKK1 (lane 3). Expression
of several bands related to full-length MEKK (top panel) was detected using
chicken polyclonal antibodies raised against bacterially expressed AMEKK. Endo-
genous proteins of 70K, 90K and 110K were also detected (lane 1). Epitope-
tagged SEK1 and SAPK1 (middle panels) were detected by immunoblotting. Elec-
trophoretically retarded bands arising from phosphorylation of both SEK and SAPK
were observed from coexpression with full-length MEKK, indicating that MEKK
thus expressed is constitutively active. SAPK activity was activated by full-length
MEKK (bottom panel). b, Diagram of separate pathways emanating from Raf and
MEKK. Both Raf and MEKK appear to be dependent upon the function of Ras,
as described in the text. The Raf-MEK-MAPK pathway is functionally analogous
to the MEKK-SEK-SAPK pathway, atthough the resutt of stimulation of each path-
way is distinct. A dotted arrow from MEKK to MEK refiects the ability of MEKK to
phosphorylate MEK in vitro and during high-level cell expression. In stable induc-
ible cell lines, MAPK activation by MEKK is not seen, drawing the physiological
significance of this path into question. The opposing nature of two signalling
pathways both emanating from Ras suggests an important role for factors
cooperating with Ras to provide specificity for stimulation of one path versus the
other.
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concentration). Inhibition of HA-epitope-tagged SAPK by SEK-S220A, T224L (SEK-
AL) was tested in L929 cells using the SV40-based pMT2 vector; 7 ug SAPK, 7 pg
AMEKK and 15 ug SEK-AL expression plasmids were transfected together with
empty pMT2 vector DNA to equalize plasmid mass. SAPK assays represent
tnpllcate measurements using GST-Jun substrate as descrlbed13

Is MEKK able to activate MEK, as ongmally proposed"
When tested in vitro.or during overexpression®*, MEKK is
able to phosphorylate and activate MEK. But with the stable
MEKK-inducible NIH3T3 cells studied here, MEKK, through
SEK, activates SAPK and not MAPK, even though these
cells express an intact MAPK activation pathway. MEKK
might stimulate MAPK in other cell types, or transiently,

although we detected no MAPK activity as early as 3 hours,

at which time SAPK activity was raised and MEKK was
undetectable. Additionally, activated Drosophila MEK (Dsorl)
rescues D-Raf null mutants in both the Torso and R7 photo-
receptor pathways'®, implicating Raf as the major physiological
MEK activator.

Perhaps it is appropriate to consider MEKK versus RAF
signalling as analogue rather than binary cell regulation.
Depending on the interplay between kinase activities, substrate
availability and the intracellular milieu, MEKK might activate
SAPK in our experimental systems; other cellular conditions
might translate MEKK activity into a variety of mixed signals
involving other homologues of MAPK?, including SAPK. [J
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